This article describes the efforts of the Institute of Nutrition of Central America and Panama (INCAP) to develop a relatively low-cost vegetable protein mixture suitable as a complementary food for infants and young children. As it turned out, the resulting product became popular with older children and adults, and its superior nutritional benefits were widely recognized by the population. This effort led to broader studies by INCAP of the nutritional quality of vegetable protein mixtures, including raw materials, processing to convert them into human-grade products, product formulation, and commercialization.
Introduction
During the decade of the 1940s, it was already relatively well established that large sectors of the population living in the Central American region suffered from nutritional deficiencies. These were identified as deficiencies in iodine, iron, vitamin A, and protein-calorie intake [1] [2] [3] . The available evidence suggested that among the total population, the most affected sectors were the inhabitants of rural areas. Furthermore, among the rural population, the most affected were children of preschool age, pregnant and lactating women, and, to a lesser extent, the adult male population. Data supporting the evidence for nutritional deficiencies came from anthropologic, pathological, and biochemical studies in nature [4] .
However, it was also evident that the nutritional quality of diets and the total dietary intake were significantly lower than those recommended or considered adequate at the time [5] . Diets then and now contain basic staples, a high intake of cereal grains, such as corn, sorghum, and rice, providing 39% to 65% of calories and 31% to 53% of protein. Furthermore, the diet contained relatively small amounts of common beans, which contributed 4% to 13% of calories and 9% to 27% of protein. These two basic staples, cereals and beans, also provided significant amounts of other nutrients. The absence or low intake of foods of animal origin was evident, particularly for vulnerable age groups with a higher requirement for better-quality protein.
Most frustrating was the problem of advising mothers with obviously malnourished children, some with early stages of protein deficiency diseases or kwashiorkor. Milk and other sources of animal protein were prohibitively costly for the low-income population at that time. Advising a mother to give a child milk often resulted in her giving a small amount of milk in a glass of water, adding to the risk of kwashiorkor. What was needed was a food or beverage that could be given to children of the poor that provided the nutritional equivalent of a glass of milk at a more affordable price.
Because of these nutritional problems, research on the availability and nutritional values of local foods became a high priority. The objective was to find practical solutions that could be implemented to help in the reduction or elimination of nutritional problems affecting the populations of the region. However, it was increasingly recognized that nutritional deficiencies were aggravated by many other factors, such as diarrhea and respiratory diseases, that were becoming evident as research advanced [6] . 
the vegetable protein mixture food concept
As already indicated, the results of food consumption surveys conducted among rural populations in Central American countries indicated that the consumption of animal food products was low. In particular, milk was commonly depended upon for feeding children, the group most affected by nutritional deficiencies. On the basis of needs, the food concept that evolved was the development of a food product of high nutritional quality, suitable for feeding young children, that was acceptable and low in cost. It was concluded that this needed to be made from vegetable sources and to efficiently replace or complement the low milk intake [7] [8] [9] [10] .
Food intake surveys also indicated that corn was the cereal grain with the highest intake. Moreover, it was consumed in a number of forms, such as tortillas, atoles, tamalitos, and other similar foods. These results indicated that one of the components in the vegetable mixtures should be corn, processed by lime cooking or nixtamalization [11] , with the objective, among others, of producing the flavor of lime-treated corn. This should make it highly acceptable to most of the population. Cooking the product, however, did not exclude the possibility of using other cereal grains, either mixed or not mixed with corn. Surveys showed that cereals were frequently consumed as gruels (atoles) made from immature corn or from lime-cooked corn or masa. This suggested that an atole was a potential form of consumption of a high-quality vegetable mixture for young children. Other atoles made from corn processed in different ways are pinol, tiste, and macho [12] . These are highly acceptable among the population of Central America but are of very low nutritional value when they are exclusively made from processed corn, sorghum, or rice.
From the nutritional viewpoint, the vegetable mixtures should be of sufficiently high protein quality to supplement the population's habitual low-protein diets. Furthermore, the formulations should contain minerals and vitamins of the B-complex group, as well as vitamin A or vitamin A precursors. The protein value to be achieved was that of cow's milk. A further required characteristic was a relatively long shelf-life without refrigeration.
It was decided that even though the ingredients of these foods had already been transformed by thermal processes, they should be cooked before consumption to reduce or eliminate bacterial contamination or deterioration. Deterioration of food made from vegetable mixtures could cause digestive disturbances that might be attributed to the vegetable mixtures and hinder their acceptance.
High cost was the main reason for the low intake of animal food products by the population. To achieve the lowest possible cost, it was considered that these vegetable mixtures should be formulated from locally produced and processed raw materials. The need to use locally produced and processed materials stimulated research into a large number of potential resources [13] .
In summary, the following factors were considered important in the development of the vegetable mixture: » The socioeconomic and educational characteristics of the target population as well as dietary habits and methods of food preparation were imperative to consider as part of the development process. » The product should be made from locally available resources, using appropriate processing technologies so that the product would be accessible to the population. » The product should have a high nutrient density and should be of high nutritional quality, free of adverse physiological effects to the individual, and acceptable to the consumer. » The product should have attractive physical and organoleptic characteristics, be easy to prepare, be appropriately packaged, and have a reasonable storage life.
Raw materials
The previous section indicated that a prerequisite for the development of vegetable food mixtures of high nutritional quality was that they should be formulated using locally produced and manufactured ingredients at the lowest cost possible.
Cereal grains
Among cereal grains, corn was chosen because of its high availability and consumption by the population [5, 11, 12] . However, other cereals were considered, such as wheat flour [13] , white sorghum [14, 15] , and polished rice [12] . All cereal grains contain 7% to 11% protein, which is deficient in some essential amino acids such as lysine and tryptophan [16] [17] [18] [19] [20] [21] [22] . On the other hand, all cereals are good calorie sources, mainly from their high starch content.
oilseed flours
During the final years of the 1940s in Central America, sesame seed, which was used as a source of edible oil with the meal as a by-product, was widely produced and available [23, 24] . This protein source was identified as containing relatively high levels of sulfur amino acids, but was also deficient in lysine, and thus would not improve the protein value of corn protein. Moreover, the tendency of its seeds to shatter during harvest increased its cost. However, at that time there was a large production of cotton in the northern countries of Central America. When a seed was pressed to produce an edible oil, the remaining meal contained 50% protein and had a relatively high lysine value [25] [26] [27] . This protein source was found to be deficient in lysine and contained variable levels of gossypol.
The meal was being shipped to Europe for animal feeding, but with small processing changes, it could be produced in a suitable quality for human consumption at a relatively low cost [25, 28] . The Central American region had some availability of peanut meal, sunflower, and soybeans, which were also considered as ingredients in the food formulations [29, 30] .
Grain legumes
Other protein sources available were food legumes, particularly the common bean Phaseolus vulgaris, although agricultural evidence suggested that other grain legumes, not directly consumed by humans, could also be made available [31] . Although the availability of common beans was significantly higher than that of soybeans and peanuts, the factor limiting their consumption by the low-income population was cost [32] . This suggested that beans would not be convenient to use [31] . Food legumes are relatively high in lysine but deficient in methionine [31] , although the protein content ranges from 24% to 26%, in contrast to oilseed meals with protein contents of 40% to 50%. Food grain legumes also contain heat-labile antiphysiological factors that must be destroyed by heat processing to be suitable for consumption by children.
other ingredients
It was essential that, in addition to sufficient protein of good quality, the vegetable mixtures would provide a balanced source of micronutrients. Chalk was readily available as a calcium source. As a vitamin source, torula yeast was first explored, since it is a well-recognized source of B vitamins [33] . Furthermore, torula yeast is a high-protein source rich in essential amino acids, particularly lysine [34] .
Biologic studies with experimental animals showed that adding 3% supplemental torula yeast to cereal grains improved their protein quality significantly [34] . However, the yeast had to be imported and was withdrawn as an ingredient in the food because of its increasing cost. Locally available brewer's yeast was not an acceptable substitute. The lowest-cost solution was a commercial B vitamin and mineral premix, as used for flour fortification.
Food composition data [35] indicated that excellent edible sources of β-carotene vitamin A existed in the area. Among these, the possible materials were kikuyu leaves, amaranth, chipilin, and few others [36] . These materials contain at least 20% dry weight of protein, which is high in lysine content [37] . Therefore, the first generation of high-quality vegetable mixtures were formulated to include dehydrated vegetables in amounts not exceeding 3% by weight. This approach was later eliminated because of high costs and poor stability, and synthetic vitamin A was added.
Further exploration of locally available protein sources
In addition to oilseed flours, other protein sources with lower protein contents were explored as possible components of food mixtures. Food grain legumes other than P. vulgaris, containing around 23% protein, proved to be an efficient supplement to cereal grains. Complementary protein studies conducted with mixtures of grain legumes and cereal grains yielded products with significantly higher protein quality than that of the individual components [38] .
The complementary response was observed with all food legumes tested, including cowpea (Vigna sinensis), gandul (Cajanus cajan), rice bean (Vigna unguiculata), faba bean (Vicia faba), mung bean (Phaseolus aureus), and others, with cereal grains such as rice, sorghum, wheat flour, and quality protein maize (QPM) [38] [39] [40] [41] . However, none of these were as acceptable and economically feasible as cottonseed meal, and none improved the protein quality of the corn-based mixture as much as did cottonseed meal.
Other raw materials of much potential are pseudocereal grains; among these grains, some attention was given to buckwheat (Fagopyrum trataricum) [42, 43] and, more recently, grain amaranth [44] [45] [46] . Amaranth grain contains relatively high levels of protein with a good essential amino acid balance of lysine, methionine, and tryptophan [46] . It also contains 6% to 10% oil, a higher level than in cereal grain. Amaranth improves the protein quality of cereal grains, oilseed flours, and grain legumes [43] . Mixtures of amaranth flour with milk (Amaralac) and with soybean flour have been developed [46] . Several possible applications using amaranth flour from various processing technologies have been proposed [44] . The use of QPM also offers much potential for improving the protein quality of corn-based weaning foods and diets [47] .
Other vegetable protein sources of interest are those found in edible leaves, such as bledo (amaranth), chipilin, hierbamora, and others [37] . Dried leaf flours or leaf extracts improve the protein content and quality of cereal grain products, such as tamalitos made from corn and pasta products made from wheat flour [37] . The use of these potential ingredients would also increase food applications. Other potential ingredients include root crops such as cassava and fruits such as plantain [48] [49] [50] . Dried tropical fruits have also been studied as components of the mixtures for their contribution of flavor and nutrients [48] .
development and experimental evaluation the first generation of vegetable mixtures: Sesame flour
In the late 1940s and early 1950s, Guatemala experienced the rapid development of a poultry industry. The economic success of this initiative was dependent on the breed of birds used and on the nutritional quality and cost of the feed used. The latter was dependent on formulating poultry rations based to a very large extent on local materials [23, 29, [51] [52] [53] . With this as an objective, Squibb et al. [54] [55] [56] [57] [58] carried out an extensive series of experiments with 1-day-old chicks to evaluate the nutritional quality of available raw materials. The results of these studies led to the formulation of a number of poultry diets of high nutritional quality. The results of the nutritional evaluation of the diets, using an animal with high nutrient requirements, met the criteria that had been established at the time for the formulation and testing of high-quality vegetable protein mixtures.
Nutritional studies conducted by Squibb et al. [54, 58] included the evaluation of local protein sources such as sesame oil meal and cottonseed meal. The studies also evaluated cereals such as corn and sorghum, as well as buckwheat and others, as energy sources [43] ; dehydrated leaves as sources of biologically active carotenoids [36] ; and other materials such as African palm meal as sources of protein [54, 58] . The evaluation included the determination of limiting amino acids and the effects that these local ingredients had on the growth of the experimental animals, food conversion efficiency, antiphysiological effects, blood biochemistry, and body composition. These and other studies allowed the first proposed formulation of a high-quality vegetable protein mixture for feeding of young children. It was designated as INCAP Vegetable Mixture. 8. This mixture was composed of sesame oilmeal flour 35%, cottonseed flour 9%, corn or sorghum flour 50%, kikuyu leaf meal 3%, and torula yeast 3% [24, 42] , as shown in table 1. As noted above, the use of the leaf flour and torula yeast ultimately proved less practical than a commercial vitamin enrichment formula.
The formula had a protein efficiency ratio (PER) of 2.00 and a protein digestibility of 65% [24, 42] . The formula was demonstrated to be lysine limiting which was partially compensated by increasing the protein content to 28.1%.
development of a new approach to formulation
Development of the second and later generations of highquality vegetable protein mixtures for young children at INCAP was based on formulations in which the essential amino acid patterns of the components were complementary. This method was based on the rationale that foods with different essential amino acid contents, particularly with respect to those that are deficient, could complement each other, resulting in mixture, with an improved essential amino acid pattern. The observed biologic response depended on the digestibility and bioavailability of the amino acids of the two or more proteins in the mixture [59, 60] .
The initial studies were conducted with humangrade cottonseed flour (Proflo), but other protein sources were also explored. From a relatively large number of biologic assays using two ingredients, usually a cereal grain and a food grain legume, or other vegetable or animal protein sources, the results were classified into four different types of responses ( fig. 1) .
The type 1 response corresponds to a situation in which the same amino acid is limiting to a similar extent in the two protein sources; therefore, the protein quality of each ingredient is the same even if they differ in total protein contents. In this type of response, the protein quality of any mixture will be similar to the protein quality of the components; thus, there is no complementation. However, the results can be used to formulate mixtures with different protein contents of similar quality. An example of this type is shown in figure 2 for blends between common corn and peanut flour. On the basis of this type of response curve, the optimal formula would contain 87% corn flour and 13% peanut flour and have a protein content of approximately 14%. Similarly, a blend of 74% corn flour and 26% peanut flour would have a protein content of approximately 19%. The protein quality of the two mixtures would be the same, but they would differ in total protein content.
The type 2 response would result when the two protein sources were deficient in the same essential amino acid, but to a different extent. When one ingredient has a higher, but still limiting, content of the essential amino acid a specific amino acid is added to the ingredient with the lower amino acid content, and there is a supplementary effect up to a point where an essential amino acid balance is achieved. After this point, the protein quality of the mixtures is the same, approaching or similar to the quality of the ingredient with a higher 
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Vegetable proteins for human consumption content of the essential amino acid controlling quality. The break in the increasing response is due to the influence of the second limiting amino acid in either protein source, such as in a mixture of common corn flour and cottonseed flour ( fig. 3) . The combination in which 70% of protein in the diet comes from cottonseed flour and 30% from corn flour is the inflexion point on the initial linear response. Blends with 30% to 100% of their protein derived from cottonseed flour would have a protein quality similar to that of cottonseed flour, whereas in those in which 30% to 100% of the protein comes from corn flour, the quality will vary from that of corn to that in the inflexion point. This type of response gave rise to INCAP Vegetable Mixture 9, to be subsequently discussed. The type 3 response corresponds to a true complementary effect. In this case, there is a synergistic effect between the two protein sources, resulting in a blend that at its optimum point has an essential amino acid pattern that to a very large extent approximates the essential amino acid patterns of animal protein of the highest quality [60] . The best examples of this response are obtained by mixing grain legume flours with cereal flours [38, 39] , although other vegetable proteins will also give such a response ( fig. 4) . In mixtures of cereal grains and food legumes, the food legumes provide lysine and the cereal grains provide the sulfur-containing amino acids cystine and methionine. The type 4 response occurs when one protein is a rich source of most of the amino acid that is limiting in the other protein as well as having a high and well-balanced content of essential amino acids. An example is the complementary response obtained by mixing sesame flour and cottonseed flour ( fig. 5) , or milk and cereal proteins, or even two cereals such as QPM and wheat.
The influence of the protein and energy level in the diet has been studied, particularly with common bean and corn flour mixtures. These studies showed different response curves in weight gain; however, the point of maximum complementation, that is, the point of the highest quality, remained the same for all dietary treatments.
the second generation of vegetable mixtures
Vegetable mixture using cottonseed flour INCAP Vegetable Mixture 8 was found to be nutritionally adequate for feeding malnourished children. Its industrial production, however, was not practical because of the low availability of sesame flour, since most of the sesame produced in the country was exported and its price was relatively high. On the other hand, cottonseed production was increasing and industrial facilities for cottonseed processing were also becoming more technically efficient. The low content of cottonseed flour in INCAP Vegetable Mixture 8 (9%) was basically due to the fact that the cottonseed flour used still contained significant levels of free gossypol [25, 51] . However, cottonseed flour (CSF) was the best choice for a protein source to complement the protein content of the corn flour that was the basis for the acceptability of the mixture. Fortunately, ways were found to significantly reduce free gossypol levels by appropriate processing. The second generation of vegetable mixtures was developed at INCAP, based on the use of higher levels of cottonseed flour supported by biologic responses discussed in the previous section [42, 60] . In a later section the process by which the gossypol in the cottonseed flour was reduced to acceptable levels is described in detail.
The complementation process described in the previous section served as the basis for the formulation of INCAP Vegetable Mixture 9, with higher cottonseed and corn flour levels. The cottonseed flour level was also established on the basis of the free gossypol content of Proflo cottonseed flour of 0.045% [61, 62] . With these two aspects in mind, INCAP Vegetable Mixture 9 was formulated with cottonseed flour. Cottonseed flour provided 22% to 23% of the protein in the mixture, and lime-treated corn flour provided 78% to 80% of the protein; 3% torula yeast was added, replacing an equal quantity of corn flour by weight, since previous studies had indicated that 3% torula yeast would improve the protein quality of lysine-deficient proteins [33, 34] . The initial experimental formula was then established to contain 38% edible-grade cottonseed flour, 59% whole corn flour, and 3% torula yeast [63, 64] (table 1) .
Later, it was decided to use ground, unprocessed corn flour, even though all formulation and testing studies had been conducted with lime-treated corn. To compensate for the calcium loss coming previously from nixtamalized corn flour, 1% calcium carbonate was added to replace an equal weight of corn. With this change, not only were optimal calcium levels achieved in the mixture, but the acceptable lime flavor in corn was restored. With these changes, the final formula Torula yeast provided about 1.5 g of protein that was high in lysine, as well as B vitamins. When the yeast was eliminated, B vitamins were added. This formula was subjected to extensive biologic and processing evaluation in rats, chicks, and other animals for the purpose of establishing its nutritive value and safety [67] [68] [69] [70] [71] [72] . It is of particular interest that cooking the cottonseed flour mixture (INCAP Vegetable Mixture 9) reduces thiamine and riboflavin by 25%, as well free gossypol by 62% and available lysine by 18%. Several other cereals were also evaluated to totally or partially replace corn, with attractive results. Of most interest were the results for QPM in mixtures with cottonseed flour. These mixtures had significantly better protein quality than mixtures made with ordinary, locally consumed corn [47, 73] . The overall results of these very extensive studies confirmed that the mixture was ready to be tested in human subjects.
development of an industrial process to produce humangrade cottonseed flour
At the end of the 1950s, cottonseed flour had been accepted as a potential source for use in human consumption as long as free gossypol levels in the flour did not exceed the specifications of the United Nations Protein Advisory Group. Human food quality standards for cottonseed flour are shown in table 2 [61] . Cottonseed flour should contain no more than 6% fat and no less than 50% protein (N × 6.25). The maximum level of total gossypol, most of which is biologically inactive, is 1.2%, and the maximum level of free gossypol is 0.06%. Fiber content is specified as less than 5%, and the level of available lysine, the limiting amino acid in cottonseed flour, is set at no less than lysine 3.6 g/16 g N [61] . The specifications are maximum values, including bacterial count.
With these specifications as the objective, studies were undertaken at industrial installations that processed cottonseed flour in Guatemala, El Salvador, and Nicaragua [59, 66] . Studies conducted in several oil processing plants, particularly at Borgonovo Industry, Zacatecoluca, El Salvador, resulted in establishing the necessary processing conditions for reducing free gossypol levels below the maximum allowance while retaining available lysine at the specified level. These conditions were the reduction of seed load processed per day and the restoration of the appropriate level of seed hulls with the cottonseed kernels. This permitted the oil to be expressed more slowly and at a lower temperature. The additional hulls served as heat absorbers so that the lower temperature and longer processing time facilitated a more complete expression of the gossypol into the oil, where it was destroyed when the oil was processed for human consumption.
With these changes in the process, it was possible to produce a human-grade cottonseed flour with the specifications established for such a product [61] . In order to obtain a minimum protein content of 50%, rotary screens at the Borgonovo plant allowed the removal of the hulls and very fine particles. Analysis showed that the flour contained adequate lysine and low levels of free gossypol [59, 66] . The modifications in the process were subjected to tests in other cottonseed mills, mainly in Venezuela and Colombia, where interest developed in producing vegetable protein mixtures based on cottonseed and in supplying the flour to manufacturers for use in food [13] .
Evaluation of the nutritional quality of INCAP Vegetable Mixture 9
Biologic studies with rats indicated that protein from 38% human-grade cottonseed flour constituted an adequate amount to complement the protein from cereal grains, and safe levels of free gossypol. These levels gave rise to INCAP Vegetable Mixture 9. The initial formula for INCAP Vegetable Mixture 9 consisted of 28% corn flour, 28% sorghum flour, 38% human-grade cottonseed flour, 3% torula yeast, and 3% dehydrated leaf meal. This mixture contained 27.5% crude protein with a biologic value of 72%. The chemical composition and protein quality are similar among cereal grain flours. Studies in farm animals confirmed that the 56% content of the mixture consisting of cereal grain flour could be derived from any grain (corn, sorghum, rice, or wheat) or from mixtures of two or more grains without affecting nutritional value. However, their acceptability for human consumption would depend on local dietary habits and preferences.
Because the mixture contains 38% cottonseed flour, it was subjected to extensive testing in chickens [64] , rats [74, 75] , dogs [61, 62] , and swine [76] [77] [78] [79] . The studies in swine included short-term protein evaluation tests; studies of effects on carcass, liver, bone, and blood composition; nitrogen balance experiments; and growth and toxicity tests. The studies in rats included reproduction and lactation studies, as well as multiple-generation feeding studies [74] . These studies showed that INCAP Vegetable Mixture 9 had acceptable protein quality, did not cause any pathologic problems to the animals, and was safe for human feeding. Reproduction and lactation studies from multiple generations indicated that rats [77] . Vegetable Mixture 9, alone or with milk, efficiently supplemented food composite childrens' diets with the ingredients collected in rural villages in Guatemala [80, 81] .
the third generation of vegetable mixtures INCAP mixtures based on cottonseed flour and corn (CSFISBE)
Cottonseed is not readily available in many countries, and its production is conditioned by the market for the fiber. With low production and availability of cottonseed and a high demand for cottonseed for animal feed, there was a need to find alternative protein sources. A logical choice was soybean protein as flour or as full-fat flour. Soy beans were shown to be efficiently cultivated in Guatemala, with the seed becoming more available for processing and use in the late 1960s. This obvious option had been rejected in the initial efforts to develop a suitable formula, because there was no significant production of soybeans in Central America at that time and no indication that agricultural conditions in Central America would support its commercial production.
The first studies of soy protein flour suggested that a 50% replacement of the 38% cottonseed flour in INCAP Vegetable Mixture 9 improved the product's quality, mainly due to the relatively high lysine level. The product with this substitution was ultimately designated as INCAP Vegetable Mixture 15, with the following composition: soybean flour 19%, cottonseed flour 19%, corn flour 58%, torula yeast 3%, calcium carbonate 1%, and 4,580 IU of vitamin A [78] . The torula yeast was eventually replaced by a vitamin mixture containing vitamins B 1 and B 2 , niacin, and iron.
INCAP vegetable mixtures based on soybean flour
An optimal protein complementation response between corn and soybean flour gave rise to INCAP Vegetable Mixture 14 [82] . This formula had the following composition: soybean flour 38%, corn flour 58%, torula yeast 3%, and calcium phosphate 1%. Full-fat soybean flour was shown to effectively replace soybean flour, even though it has lower protein content without changing protein quality of the mixture and providing an increased amount of calories derived from the oil in full-fat soybean flour. Like previous mixtures, these mixtures were intensively tested, including ingredient changes, effects, changes due to processing methods of ingredients such as extrusion cooking, lime cooking of soy beans, drum drying and others. [82] [83] [84] [85] [86] [87] . All studies showed that the mixtures were of high nutritional quality. Because of increased availability of soybeans in Guatemala and limited production of cottonseed flour, this formula would become important in the future.
Mixtures based on food legumes
Following the biologic approach, formulas based on a cereal grain and a food legume were also developed and tested. Several grain legumes, such as pigeon peas, chickpeas, cowpeas, and common beans, were used, with corn, rice, and wheat as cereal grains [88] [89] [90] [91] [92] [93] [94] [95] [96] [97] [98] . These mixtures, like the others developed, were of high nutritional quality, as shown by tests in experimental animals and human subjects. However, because of the low protein levels in grain legumes of approximately 22%, the highest-quality mixtures usually contain only 12% to 14% total protein and cost relatively more.
Protein supplementation
An alternative approach to formulating vegetable food mixtures with high protein quality and nutrient content is through supplementation. This is particularly useful with cereal grains consumed by older children and adults, since these are low in total protein and are of poor quality because of deficiencies in essential amino acids, mainly lysine. However, tryptophan is also significantly limiting in corn [99, 100] .
The main difference between amino acid complementation and supplementation is that, in the first approach, essential amino acids in one protein source complement the essential amino acids in the other protein source, to yield a significant improvement in the nutritional value of a cereal grain [11, 12, 14, 16-19, 21, 22] . This approach gave rise to a fortificant mixture for lime-treated corn flour, vitamins, and minerals that significantly improved the protein quality of the nixtamalized flour [11, 12] without affecting its organoleptic and functional properties.
human testing and biologic evaluation of the quality of the vegetable mixtures
The nutritional evaluation evidence obtained from experimental animals during the development of the many vegetable mixtures indicated, without any doubt, that they could be formulated to be as good and nutritious as those mixtures made with animal proteins. This was confirmed by metabolic studies in humans, particularly in children [101] [102] [103] [104] . In planning food vegetable mixtures for human consumption, it is desirable to apply all available criteria in evaluating the quality and safety of such foods.
One such test was the ability of the mixtures to promote regeneration of serum proteins in therapeutic trials with malnourished children and the plasma amino acid pattern before and after a test feeding in children who had been receiving either milk or one of the vegetable mixtures [105] . In the regeneration of total serum proteins, it was apparent that the vegetable mixtures did not produce as rapid an increase in protein values as did milk. However, they were of adequate quality for satisfactory regeneration of serum proteins. An increase in plasma amino acid levels following a milk test meal was essentially the same whether milk or the high-protein vegetable mixtures constituted the previous diet. Slightly lower values for protein regeneration for vegetable mixtures and the changes in some amino acids, particularly lysine, were due to the lower digestibility of vegetable proteins, as compared with milk protein, and to small deficiencies in specific amino acids and amino acid imbalances.
Human testing also included studies on tolerance and acceptability. These studies were important because these mixtures might produce loose stools and excessive gas, have a disagreeable aftertaste, or simply be disliked by the consumer. The results of these tests showed that the mixtures were well tolerated, did not produce any negative effects, and were acceptable to consumers. In fact, one observation from an early acceptability study in a rural village deserved more emphasis at the time. The mothers preferred the vegetable mixture because it resulted in a more rapid return to normal stool consistency when diarrhea developed in children fed with the mixture compared with those receiving milk [102] .
The protein quality of the initial mixtures was evaluated in children by the nitrogen balance method (table 3) [101] [102] [103] [104] 106] . The results showed that the protein digestibility of the vegetable mixtures was lower than that of milk or egg, which was expected. However, at protein intakes above the required levels (about 2.0 g protein/kg/day), no difference was observed in nitrogen retention between milk and vegetable proteins. Nitrogen retention was higher for milk than for the vegetable mixture only at inadequate protein intakes (below 2.0 g protein/kg/day). Similar results were reported for other mixtures, such as INCAP Vegetable Mixture 14 containing corn and soybean flour [104] .
With the above evidence at hand, it was safe to study the therapeutic effects in children with acute kwashiorkor. In all tests, the mixtures were well tolerated and accepted by the children, and recovery was prompt and satisfactory [101, 102, 106] . In laboratory studies, it was found that the mixtures efficiently supplement common diets consumed by people in rural areas [80, 81] . The next step was evaluation of the mixtures in field trials, which were conducted in several Central American countries. The mixtures offered as an atole were readily accepted in all countries in which such tests were performed [107] . Similar results were observed in Guatemalan schoolchildren with mixtures of corn and soybeans and of rice and soybeans [108] .
The results of the work described on the development of vegetable mixtures demonstrated that it is possible to develop locally acceptable and low-cost allvegetable mixtures for human feeding that have a high protein value and also can serve as a balanced source of energy, protein, vitamin A, iron, and other essential nutrients.
Acceptability studies
Tolerance of high-quality vegetable proteins in humans, especially children, was established by the many nitrogen balance studies that had been performed during the evaluation of the nutritional quality of the products. Although the acceptability of the products was evident, there was a need to increase the amount of information on their acceptability in free populations, since the final objective was for the products to be consumed by the population at large.
A number of studies conducted by 1961 in five Guatemalan communities showed that the percentage of children who consumed two or more daily glasses of Incaparina (Formula No. 9) varied from 65.1% to 92.1% [109] . (As indicated earlier, Incaparina was the name given to all INCAP formulas.) These studies were followed by others conducted in 1962 and 1968 by the International Program for Popular Information [110] . All of these studies showed the product to be acceptable to consumers in Guatemala, with few problems. Other studies resulted in the same conclusion [111, 112] . In 1972, Kracht [113] found that 83% of the population surveyed knew about Incaparina. Furthermore, 50% of the people consumed the product. Of these, 31.7% did so on a regular basis and 22.8% on an irregular basis. Follow-up studies by Central Distribuidora (the commercial unit in change of marketing) in the 1970s and 1980s showed that consumption of Incaparina was still increasing throughout the country and Incaparina was found in supermarkets as well as in small food stores, competing well with other, similar products.
Industrial manufacture
In the late 1950s, there was sufficient evidence on the nutritional quality, tolerance, acceptability, and safety of INCAP Vegetable Mixture 9, as well as on the availability of the main ingredients, to permit the initiation of commercial production. The first attempt was conducted with the participation of Grace and Company, who used simple mixing equipment to introduce the product into the Guatemalan market. The already-processed ingredients, nixtamalized corn flour and pre-press solventextracted flour, were mixed and torula yeast was added and blended. The mixed flour was then packaged by hand in 75-g and 460-g bags and sealed. This simple operation was continued for about a year, at which time the manufacture of the product, named Incaparina, was discontinued because Grace and Company decided to leave Guatemala. At the time, the product was sold in stores, and according to Grace and Company, Incaparina production and marketing were economically attractive. After Grace and Company discontinued Incaparina production in 1960, a local brewery, Cerveceria Centro Americana, agreed to manufacture the product. A small and simple installation became available, and production was initiated in 1960. The process used was basically the same as before ( fig. 6) , using already processed ingredients, mixing them in the indicated proportions, packaging the product in properly labeled polyethylene bags, and marketing it in 75-g and 460-g bags. Demand for the product increased, and advertising was initiated throughout the country. As a result of the initial success, plans were started to develop a food manufacturing facility under the name Alimentos, S.A. [114] .
Completely automatically controlled equipment was used to produce corn flour by a dry corn milling operation that removed the germ and hulls. This flour had better keeping quality than corn flour with the germ. Part of the same equipment was used to manufacture edible-grade cottonseed flour from pre-press solvent cottonseed meal. Because torula yeast was imported first from the United States and later from Germany, with increasing costs, it was eliminated from the original formulation. Experimental evidence indicated that when the mixture was made with corn-endosperm flour without yeast, lysine deficiency in the mixture became an important constraint on nutritional quality. Animal studies indicated that addition of lysine to the blend at a level of 0.25% was necessary. To ensure stability during storage in studies, antioxidants were added.
Much attention was given to packaging, which eventually led to the purchase of equipment for packaging Incaparina in 460-g, double-lined polyethylene bags. The bags were placed in carton boxes to be delivered to supermarkets and small stores throughout Guatemala. The manufacture of the product was monitored for quality by INCAP, including total protein, lysine content, free gossypol testing, and biologic testing when required. Alimentos also installed a quality-control laboratory as well as a food product development facility. Even though the product went through difficult times because of increasing costs of ingredients, electrical power, labor, and packaging materials and problems with ingredient availability, it has been in production since 1960 and has been accepted and acclaimed by consumers. Concessions were granted to industries in several other countries [104] .
INCAP Vegetable Mixtures 14 and 15 are now also industrially produced under the names of Bienestarina and Vitatol, respectively; INCAP Vegetable Mixture 14, the corn-soybean formula under the name of Maisoy, was produced as a flour and a flaked product in Bolivia in 1978 [84] . Polyethylene-lined cellophane bags are now labeled with extensive nutritional information, such as proximate content, vitamin, and mineral content [115] .
other applications
Although the intended use of high-protein vegetable mixtures was as gruels (atoles) and soups, other applications were studied. The chemical composition of the mixtures, which are rich in starch from the cereal grains, suggested their use as components of composite flours. Thus, a variety of baby-food products as well as baked foods such as pasta, bread, and cookies were developed [116] [117] [118] [119] . Among these, the manufacture and use in school feeding programs of cookies received much attention. For this product, INCAP Vegetable Mixture 14, the corn-soybean mixture, was used. In this case, cookies were formulated with 50% of INCAP Vegetable Mixture 14 replacing an equal weight of wheat flour, resulting in 35% corn flour, 15% soybean flour ,and 50% wheat flour [115] . A similar approach was suggested for the manufacture of tortillas with lime-treated corn flour and INCAP Vegetable Mixture 14 and of popped sorghum with soybeans and sugar to make a sweet food called alboroto [120] .
Based on the protein complementation response of corn and soybeans for INCAP Vegetable Mixture 14 [82] , a liquid high-quality protein drink was made from water extracts of immature corn and whole soybeans, by a process similar to that used to produce soy milk, and was tested [121] . The product had high protein digestibility and quality. The residues (okara) were also of high protein quality, and their fiber content could be decreased by dehulling the initial raw material. A recipe book describing a large number of other applications for all vegetable protein mixtures was developed, listing the use of these products in baked foods and soups and as extenders of meat products.
Conclusions
Proteins derived from cereal grains, food grain legumes, oilseeds, and green vegetables represent the largest source of protein for feeding the increasing world population. With only a few exceptions, however, the nutritional quality of such protein sources is below that of animal protein sources because of deficiencies in some essential amino acids, particularly lysine and sulfur-containing amino acids. However, this apparent disadvantage can be overcome by mixing them in such a way as to obtain complementary essential amino acid patterns, as described in this review. The products can be nutritionally optimized by adding missing dietary ingredients, such as vitamin A, iron, and others.
Vegetable protein sources, however, can have disadvantages, such as the presence of antiphysiological factors and chemical compounds that interfere with nutrient utilization. Such factors can be eliminated to a great extent by appropriate processing. Such processing can also be used to introduce functionality and acceptability characteristics desired by the consumer.
Although the protein problem is no longer as severe as it was when Incaparina was first developed, research on high-quality, all-vegetable weaning foods and other products must continue throughout the world. The need to use those vegetable resources has brought about significant advances in the knowledge of vegetable proteins and in new processes to produce them and to convert them into acceptable and nutritious foods.
It is difficult to know the precise impact that Incaparina has had on the elimination of malnutrition in the general population, because economic status has been improving concurrently. Moreover, solving these multifaceted, complex problems with one solution is too much to be expected. However, for a population that could not afford to give milk or other sources of animal protein to their children, Incaparina, with a protein value equivalent to that of milk and the more complete complement of micronutrients, certainly helped -even though its distribution has never been subsidized. The cost of Incaparina has remained about ⅓ the cost of an equivalent amount of milk. Products providing vegetable protein mixtures and similar foods are regularly consumed on a daily basis and contribute to improved nutritional status of the population. INCAP research on vegetable proteins has had an impact on the development of lower cost food products in the Central American region, and its influence has extended throughout the world.
